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Introduction
A detailed understanding of water vapour transfer in biomaterials is very important in several fields of application (drying, building materials, food packaging…). Regarding the drying process, the value of mass diffusivity, as well as its variations with moisture content, governs the second drying period, which is the most important in terms of drying time, energy consumption and product quality. As they are exposed to cyclic changes in relative humidty of the air, inducing cyclic changes in moisture content and bound water transfer, biomaterials used in building are always in transient regime. Finally, in the case of biofilms used as barrier in food packaging, the transfer properties are among the most important physical properties to ensure a good end-use.
Nevertheless, experimental data of water vapour uptake of some biomaterials showed that did not follow the standard Fickian model. In these works, a phenomenon of slowing down the process of mass transfer at the final stage, often called non-Fickian behaviour was observed [1, 2] . In polymer science, this phenomenon is attributed to molecular relaxation, either at a local scale or at a global scale, in relation with stress relaxation [3, 4, 5] . The precise determination of this non-Fickian behaviour showed to be a difficult task since the physical phenomena causing this non-Fickian behaviour is different depending on the biomaterial structure and physical properties.
This work presents a new methodology to quantify the non-Fickian diffusion very robust and prone to be applied to different biomaterials. Examples of application of this methodology on porous [6] and amorphous polymer [7] will be presented. The final part of this paper is devoted to abnormal behaviours, due to dual-scale effects, observed at short times in the case of low density fiberbroards (LDF) [8] .
Materials and Methods

Materials
Vapour sorption experiments were applied on two types of biomaterials: porous material (wood, thermal-treated wood, Low density Fiberboard) and amorphous polymer (biofilms).
Soprtion tests have been performed on native and thermally modified European beech (Fagus sylvatica L.). Thermally modified wood samples were submitted to a temperature level of 220°C during 60 min [6] . The oven dry density of unmodified and thermally modified wood was 680 and 655 kg/m 3 , respectively. The interested reader can refer to the reference [6] for a detailed description of the experiments.
Concerning biofilms, neat PLA (Polylactide) films were prepared using the casting method described in [9] . Biofilms were 60 -80 μm thick, with a standard deviation of 20 %. They were stored over P2O5 at room temperature prior to sorption tests.
Prior to the sorption tests, the LDF samples was stabilised to an equilibrium moisture content close to 12%. The disk-shaped samples, with a diameter of 72 mm, were cut from the equilibrated material from 20-mm thick panels. An epoxy resin was applied to the lateral face of the sample to block the surface porosity. Because of the propensity of fibreboard samples to absorb the epoxy resin, the resin was first applied to a thin strip of aluminium, which was then applied around the sample.
Sorption tests
Sorption tests applied on wood samples
The samples were firstly stored in containers with controlled air temperature of 20°C and relative humidity of ca. 35% during 6 months, wich allowed obtaining their uniform initial bound water content. Then the samples were transferred to the set-up with controlled air parameters, i.e. temperature of 23.5°C, relative humidity of 75.5% and the forced air flow of 0.8 m/s. The final bound water content of each sample was determined by the gravimetric method after the sorption experiment. More details about the vapour mass sorption results can be found in [6] .
Sorption tests applied on biofilms
Water vapour sorption was performed by using dynamic vapour sorption with a DVS intrinsic apparatus (Surface Measurement Systems, London, UK). A support pan was specially designed to allow the entire film surface to be available for the vapour exchange. Approximately 20 mg of sample was placed in the sample pan. The samples were first equilibrated at 0% RH over 360 min. The amount of dry matter was determined at the end of this plateau. Then, the RH was increased to 30% and maintained at this level for 1440 min. Finally, the RH was increased to 90% and maintained at this level for 2880 min. Preliminary tests confirmed that the duration of each RH plateau was suficient to attain the equilibrium condition (the rate of change of mass per unit time (dm/dt) was less than 0.0005%/min). The data were saved every 20 s. More details about the methodology are available in [9] .
Sorption tests applied on LDF
LDF samples were tested according to a new method proposd in [8] . The principle of this method is to impose a sudden change in RH on one side of the sample to create a transient diffusive flux through the sample. The RH measured on the back face of the sample provides the information from which the mass diffusion coefficient is determined by inverse analysis. To that purpose, a specific device was conceived and built to obtain quasi 1-D transfers along the sample thickness. This requires the back face chamber, where the RH is measured, to be perfectly airtight and as small as possible [8] .
Mathematical model to determine the Non-Fickian diffusion
Several effects taking place at the local, microscopic scale, have important effects at the macroscopic scale. In this section, we will treat two major effects encountered in bio-based building materials :
-molecular relaxation : due to the mobility of macromolecules, new sorption sites appear due to the reorganization of molecules after change of bound water content. For lignocellulosic materials, this is particularly observable at high levels of relative humidity or for thermally modified products [8, 10] , -dual scale effects : due to the long characteristic time of diffusion in the secondary cell wall, the local equilibrium sometimes fails. At the macroscopic level, this induces a delay between the change of air characteristics and the moisture content of the product, even at the very fine microscopic scale.
Molecular relaxation
This phenomenon can be approached using a relaxation function, defined by a sudden change of RH surrounding the product at the microscopic scale, from to , assuming the cell wall to be at equilibrium at ( ). In this case, the evolution of the local moisture content is simply the signature of molecular relaxation:
where is defined by the sorption isotherm values and a monotonic function which respects .
In a more general case, the value of varies continuously in time, so that a convolution product is required : (2) It is obvious from equation (1) 
Dual scale effects
Similar effects can arise from dual scale phenomena : depending on the characteristic time for the moisture field to equilibrate at the microscopic scale, a delay might exist between the equilibrium moisture content and the actual moisture content. This is know as the failure of the local thermodynamic equilibrium. For the sake of example, we can refer to mass diffusion in a cylindrical fiber of radius a. By neglecting the resistance to mass transfer in the gaseous phase of the porous medium, the equilibrium moisture content can be used as Dirichlet boundary conditions at the solid phase surface. In the case of a perfect cylindrical shape for example, the corresponding analytical solution reads [11] :
Where the values of are the positive roots of (4) Where and are the Bessel functions of the first kind of order zero and one. The integration of equation (3) over the cylindre volume allows the average moisture content to be obtained :
This equation is very similar to the equation obtained in the case of molecular relaxation (2) . A function can be therefore be deduced from equation (5): (6) 
Computational solution
The previous sections tells us that equation (2) is a general expression allowing the nonFickian behaviour to be accounted for in the macroscopic formulation. The kernel function is therefore the signature of the product behaviour and its history can be expressed as the form of a convolution product that account for the time evolution of the conditions undergone by the product. This formulation was embedded in the coupled heat and mass transfer code TransPore, a custom computational model currently used in our team as comprehensive physical engine to perform inverse analysis [8, 12] . 
Results
The water vapour uptake of the biomaterials studied can be observed in Figs 3 and 4 . Each figure contains experimental results and predicted bound water content changes as a function of the square root of time simulated by the formulation presented in the previous section. Fig. 3 gives a clear vision of transient water vapour transfer in native wood (left) and thermally treated wood (right). The parameter identification allows the sorption behaviour to be represented as a combination of Fickian and non-Fickian behaviour. The red line stands for the full model whereas the blue line was obtained by cancelling the relaxation function (its value was set constant at ). The effect of thermal treatment on the wood/water relations is obvious in the plots : significant reduction of the sorption isotherm [13] and considerable increase of the non-Fickian part. Olek et al. [6] attributed this non-Fickian behaviour to the chemical changes in wood components (hemicellulose, cellulose and lignine) caused by thermal treatment. Table 1 list the diffusion parameters identified by the model: Diffusion coefficient, following the Fickian diffusion law (D0), total amount of bound water molecules allowed by relaxation and reorganization of already sorbed water at infinite time ( ) and time constant of relaxation (τ). According to these parameters, thermal modification alters the diffusion behavior of wood in two characteristics: (a) significant reduction of diffusivity, (b) dramatic increase of the non-Fickian part [6] . For PLA, the determined diffusion coefficient (D0=5.7x10 -12 m 2 .s -1 ) is in the range of published data [5, 14] . Works in progress depicts also a large increase of the non-Fickian proportion when the PLA film is charged with nanostructures. [7] .
The final part of this paper is devoted to transient diffusion in LDF (160 kg.m -3 ). This kind of materials, used for insulation in construction, presents an open porosity that allows a rapid diffusion at the macroscopic level. Therefore, in spite of the huge contrast between the macroscopic dimension (thickness in buildings) and the microscopic solid phase (the order of one or some natural fibers) the characteristic time diffusion of the micro-and macro-scale overlaps. This induces a non-local equilibrium and alter the macroscopic behavior. In this case of open porosity, the macroscopic mass transfer is expressed as follows :
Where is the diffusivity of water vapour in air and f, the product parameter, represents the dimensionless coefficient of resistance (0< f <1). In order to focus on the dual-scale effect and to avoid the relaxation effect, we focus here on the first hours of diffusion (Fig.  5) . When using the usual macroscopic formulation, yet accounting rigorously for the coupling between heat and mass transfer, an unrealistic value of f (2.5) is needed for the model to fit the experimental data. This was already discussed in [8] . Using a relevant value of f = 0.5, as predicted by homogenisation from the real 3D morphology [15] , the model predict a too low dynamic of RH increase at the back face. Finally, the use of a simple function, whose parameters were determined by identification, the dynamic of RH evolution can be captured with the same value of f (0.5). Additional works are in progress in our team to further test this new approach. It seems in particular that this new formulation allows both the MC and the RH at the back face to be simulated with the same set of parameters. 
Conclusion
This paper presents a geral approach to account, at the macroscopic level, for various situations of non-Fickian diffusion in biosourced products. This model is applied to experimental data of water vapour uptake of biomaterials presenting completely different physic-chemical structure (porous biomaterials with different morphologies and biopolymer films). The proposed model is able to describe the diffusion behavior of such biomaterials and differences obtained are discussed. It is proved that the non-Fickian diffusion must be taking into account for such materials in order to insure its proper transformation and good end-use.
